Objective-Recent clinical studies of therapeutic neovascularization using angiogenic growth factors demonstrated smaller therapeutic effects than those reported in animal experiments. We hypothesized that nanoparticle (NP)-mediated cell-selective delivery of statins to vascular endothelium would more effectively and integratively induce therapeutic neovascularization. Methods and Results-In a murine hindlimb ischemia model, intramuscular injection of biodegradable polymeric NP resulted in cell-selective delivery of NP into the capillary and arteriolar endothelium of ischemic muscles for up to 2 weeks postinjection. NP-mediated statin delivery significantly enhanced recovery of blood perfusion to the ischemic limb, increased angiogenesis and arteriogenesis, and promoted expression of the protein kinase Akt, endothelial nitric oxide synthase (eNOS), and angiogenic growth factors. These effects were blocked in mice administered a nitric oxide synthase inhibitor, or in eNOS-deficient mice. Key Words: nanotechnology Ⅲ drug delivery system Ⅲ statin Ⅲ therapeutic neovascularization R estoration of tissue perfusion in patients with critical ischemia attributable to coronary artery disease and peripheral artery disease is a major therapeutic goal. Recently, double-blind placebo-controlled clinical trials designed to induce neovascularization by administering exogenous angiogenic growth factors failed to demonstrate a clinical benefit and produced some undesired side effects. 1,2 These nonoptimal clinical results were in contrast to the results obtained in animal experiments and small open-label clinical trials. 3, 4 The disappointing results of the clinical trials of therapeutic angiogenesis may be attributable in part to less effective transfection of the genetic materials or the rapid washout of proteins. In addition, because the involvement of multiple endogenous angiogenic growth factors is required for the development of functional collaterals, 5,6 the strategy of simple intramuscular injection of an exogenous angiogenic growth factor is limited. A high local concentration of angiogenic growth factors increases the risks of edema, 3, 7 angioma-like capillary formation, 7-9 atherosclerosis after vascular injury, 10 -13 and tumor-angiogenesis. 7,8 A controlled drug delivery system (DDS) for an integrative approach to therapeutic neovascularization would be more favorable.
R estoration of tissue perfusion in patients with critical ischemia attributable to coronary artery disease and peripheral artery disease is a major therapeutic goal. Recently, double-blind placebo-controlled clinical trials designed to induce neovascularization by administering exogenous angiogenic growth factors failed to demonstrate a clinical benefit and produced some undesired side effects. 1, 2 These nonoptimal clinical results were in contrast to the results obtained in animal experiments and small open-label clinical trials. 3, 4 The disappointing results of the clinical trials of therapeutic angiogenesis may be attributable in part to less effective transfection of the genetic materials or the rapid washout of proteins. In addition, because the involvement of multiple endogenous angiogenic growth factors is required for the development of functional collaterals, 5, 6 the strategy of simple intramuscular injection of an exogenous angiogenic growth factor is limited. A high local concentration of angiogenic growth factors increases the risks of edema, 3, 7 angioma-like capillary formation, 7-9 atherosclerosis after vascular injury, 10 -13 and tumor-angiogenesis. 7, 8 A controlled drug delivery system (DDS) for an integrative approach to therapeutic neovascularization would be more favorable.
To address this challenge, we developed a novel nanoparticle (NP)-mediated DDS, formulated from the bioabsorbable polylactide/glycolide copolymer (PLGA). 14 The PLGA NP offers the advantages of safety, delivery of encapsulated drugs into the cellular cytoplasm, and slow cytoplasmic drug release. 14, 15 PLGA NP are effectively and rapidly taken up by vascular endothelial cells in vitro. 16 To our knowledge, however, no prior studies have examined whether PLGA NPs are useful as an endothelial cell-selective DDS in vivo.
We hypothesized that HMG-CoA reductase inhibitors, so-called statins, are appropriate candidate drugs for this integrative approach, because statins have a variety of pleiotropic vasculoprotective effects that are independent of their lipid-lowering activity. 17 Statins increase the angiogenic activity of mature endothelial cells as well as that of endothelial progenitor cells (EPCs) 18, 19 and augment collateral growth in ischemic heart and limb in experimental animals. 20, 21 In addition, statins attenuate atherosclerosis formation 22, 23 and have little potential risk of tumor angiogenesis in contrast to angiogenic growth factors. 24 Most of these beneficial effects of statin on therapeutic neovascularization, however, were observed after daily administration of high doses, 18 -21 which may lead to serious adverse side effects in a clinical setting. Because vascular endothelium plays a primary role in the pathogenesis of ischemia-induced neovascularization, we hypothesized that NP-mediated cell-selective delivery of statins to the vascular endothelium would more effectively and integratively induce therapeutic neovascularization.
The major aim of this study was to test the hypothesis that selective NP-mediated delivery of statins to endothelial cells can be an integrative approach to enhance therapeutic neovascularization. We used a murine model of hindlimb ischemia to examine, (1) whether PLGA NPs are delivered selectively to vascular endothelial cells in ischemic tissues; and (2) whether NP-mediated delivery of statin is useful for increasing therapeutic neovascularization.
Materials and Methods

Preparation of PLGA NPs
Anionic PLGA NPs encapsulated with fluorescein isothiocyanate (FITC) or pitavastatin were prepared by a previously reported emulsion solvent diffusion method in purified water. The diameter of the PLGA NPs was 196Ϯ29 nm. The PLGA NPs had a negative surface charge (-15Ϯ10 mV). The FITC-and pitavastatin-loaded PLGA NPs contained 5% (wt/vol) FITC and 5% (wt/vol) pitavastatin, respectively. Additional details are provided in the supplemental information (please see http://atvb.ahajournals.org.).
Intracellular Uptake and Intracellular Distribution of NPs
Human umbilical vein endothelial cells (HUVECs) were obtained and cultured in EGM-2. Human skeletal muscle cells (SkMCs) were obtained and cultured in SkGM. Additional details can be found in the supplemental information.
Angiogenesis Assay of Human Endothelial Cells
Angiogenesis assay of human endothelial cells was tested using a 2-dimensional Matrigel assay. Additional details are provided in the supplemental information.
Animal Preparation and Experimental Protocol
Male 8-week-old C57BL/6J wild-type mice were used. After anesthesia, we induced unilateral hindlimb ischemia in the mice as previously described. 25 Immediately after the induction of ischemia, animals were randomly divided into 4 groups; a control no treatment group and the remaining groups received intramuscular injections of FITC-NPs (NP group), pitavastatin at 0.4 mg/kg (statin only group), or pitavastatin-NPs containing 0.4 mg/kg pitavastatin (statin-NP group) into the left femoral and thigh muscles. Biochemical parameters listed in supplemental Table I were measured 3, 7, and 14 days after treatment. Additional details are provided in the supplemental information.
Limb blood flow measurements were performed using a laser Doppler perfusion imaging (LDPI) analyzer (Moor Instruments). The LDPI index was expressed as the ratio of the LDPI signal in the ischemic limb compared to that in the normal limb. 25 
Histological and Immunohistochemical Analyses
Histological and immunohistochemical evaluation was performed. To determine capillary and arteriolar density, cross sections were stained with anti-mouse platelet endothelial cell adhesion molecule (PECAM)-1 antibody (CD31) and ␣-smooth muscle actin (␣-SMA), respectively. Additional details are provided in the supplemental information.
Western Blotting
Protein expression of Akt, eNOS, VEGF, FGF-2, and MCP-1 was examined 7 days after the induction of hindlimb ischemia. Additional details are provided in the supplemental information.
Flow Cytometric Analyses of EPC Mobilization
Peripheral blood was obtained from mice 7 and 14 days after hindlimb ischemia and analyzed with a FACS Caliber flow cytometer (Becton Dickinson). Additional details are provided in the supplemental Information.
Measurements of Statin Concentration in Serum and Muscle Tissue
Statin concentration in serum and muscle were measured at predetermined time points using a column-switching high performance liquid chromatography system. Additional details are provided in the supplemental information.
Statistical Analysis
Data are expressed as meansϮSEM. The statistical analysis was assessed using analysis of variance and multiple comparison tests. Probability values less than 0.05 were considered to be statistically significant.
Results
Cell-Selective Delivery of NPs In Vivo
Cellular distribution of FITC was examined 3, 7, and 14 days after intramuscular injection of FITC-NP or FITC only. On day 3 postinjection, strong FITC signals were detected only in FITC-NP injected ischemic muscle, whereas no FITC signals were observed in control nonischemic muscle or in ischemic muscle injected with FITC only ( Figure 1A ). The FITC signals were localized predominantly in the capillaries and arterioles. FITC signals were also detected in myocytes at this time point. These data suggest that NP solution might distribute to intra-and extracellular spaces of ischemic skeletal muscle tissues immediately after intramuscular injection of NPs, and then the NP was uptaken by cells in injected muscles (endothelial cells, smooth muscle cells, myocytes, etc) or retained in extracellular spaces at this early time point.
On days 7 and 14, FITC signals remained localized predominantly in capillaries and arterioles ( Figure 1B) . Immunofluorescent staining revealed FITC signals localized mainly in endothelial cells positive for CD31, a marker of angiogenesis, in FITC-NPs injected ischemic muscle 14 days postischemia (supplemental Figure I) . In contrast, no FITC signals were observed in myocytes. FITC signals were not detected in contralateral nonischemic hindlimb or in remote organs (liver, spleen, kidney, and heart) at any time point (data not shown).
Cellular Delivery of NPs Into Vascular Endothelial Cells Versus Skeletal Myocytes In Vitro
Cellular uptake of NPs was examined in HUVECs and SkMCs after incubation with FITC-NPs for 1 hour. The number of FITC-positive cells was greater among HUVECs than among SkMCs (supplemental Figure IIA ). An inhibitor of clathrin-mediated endocytosis, chlorpromazine (CPZ), did not affect the magnitude of cellular FITC signals in SkMCs, but reduced the magnitude in HUVECs (supplemental Figure  IIB) . Long-term cell culture after 1-hour incubation with FITC-NPs revealed cellular FITC signals in HUVECs on days 3 and 7 postincubation (supplemental Figure IIC) . In contrast, no FITC signal was detected in SkMC (data not shown).
Effects of Statin-NP on Ischemia-Induced Neovascularization
Treatment with statin-NP that contains pitavastatin at 0.4 mg/kg, but not with FITC-NP or statin only, significantly increased blood flow recovery on days 7 and 14 ( Figure 2A and 2B). The beneficial effects of statin-NP were not associated with significant changes in serum biochemical markers (supplemental Table I ), but angiogenesis and arteriogenesis were significantly increased ( Figure 2C ). Examination of hematoxylin-eosin-stained sections revealed no abnormal histopathologic findings (inflammation and fibrosis) among the 4 groups (data not shown). There was no significant difference in muscle fiber density among the 4 groups (data not shown).
Single intramuscular injection of nonnanoparticulated soluble pitavastatin at doses of 4 and 20 mg/kg exerted no effect on blood perfusion after hindlimb ischemia (supplemental Figure IIIA) . Oral daily administration of pitavastatin at 0.4 mg/kg did not increase blood flow recovery, but pitavastatin at 1.0 and 10 mg/kg significantly increased blood flow recovery on day 14 (supplemental Figure IV) .
Systemic daily administration of statins is reported to increase EPC mobilization, 18, 26 but the EPC number in the circulating blood was not increased in the present study (supplemental Figure IIIB and IIIC) . No therapeutic effects of statin-NP were observed in wild-type mice administered L-NAME or in eNOS Ϫ/Ϫ mice ( Figure 3A) , suggesting that eNOS-related signals are involved in the mechanism of statin-induced enhancement of ischemia-induced neovascularization (supplemental Figure V) . Treatment with statin-NP increased both phosphorylated eNOS and serine-threonine specific protein kinase (Akt) in ischemic muscles compared with nonischemic control and nontreated ischemic muscles at 7 days of treatment ( Figure 3B ). Immunohistochemistry revealed that the increased eNOS and Akt activities were localized mainly in microvascular endothelial cells (supplemental Figure VI) .
Effect of Statin-NP on Endogenous Angiogenic Growth Factor Expression
Immunohistochemistry was performed to examine the cellular localization of angiogenic growth factors in control and statin-NP groups. On day 3, immunostaining for both vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2) was observed in skeletal myocytes and blood vessels (supplemental Figure VII) . On days 7 and 14, the immunostaining intensity markedly decreased in skeletal myocytes and blood vessels in the control group. In contrast, positive immunostaining was observed in endothelial cells of capillaries and arterioles in the statin-NP group on days 7 and 14. Western blot analysis revealed greater protein expression of VEGF, FGF-2, and monocyte chemotactic protein-1 (MCP-1) in ischemic muscle in the statin-NP group than in the no treatment group 7 days after hindlimb ischemia (Figure 4) . Interestingly, the increased expression of such angiogenic growth factors by treatment with statin-NP was blunted in mice administered chronically with L-NAME.
Effects of Statin-NP on Angiogenic Capacity of Human Endothelial Cells In Vitro
Cotreatment with statin or statin-NP increased angiogenic activity in HUVECs. The angiogenic activity of statin-NP was greater than that of 10 nmol/L statin only (supplemental Figure VIIIA) . Pretreatment with statin only (24-hour incubation of HUVECs with statin) had no angiogenic effects at any dose. In contrast, pretreatment with statin-NP induced significant angiogenic effects at 1 and 10 nmol/L compared with the no-treatment control group (supplemental Figure  VIIIB) .
Serum and Tissue Concentrations of Statin
Tissue concentrations of pitavastatin were greater in skeletal muscles injected with statin-NPs than in those injected with statin 6 and 24 hours after intramuscular administration, whereas serum levels of pitavastatin were comparable between the 2 groups (supplemental Table II ). The drug was not detected in serum 1 and 3 days after injection.
Discussion
The application of nanotechnology-based drug delivery is expected to have a major impact on the development of innovative medicines. In the present study, selective NPmediated delivery of statin to vascular endothelial cells increased neovascularization and improved tissue perfusion in a murine model of hindlimb ischemia, indicating that this novel cell-selective delivery system is feasible for therapeutic neovascularization.
The most novel finding of this study is that FITC signals were localized mainly in the vascular endothelium 7 and 14 days after injection of FITC-NP into ischemic skeletal muscles in vivo. Several factors might be involved in mechanisms of the cell-selective delivery of the NP at later time points. First, increased endocytosis of NP in the endothelium may be involved, which is based on our present experiments with CPZ, an inhibitor of clathrin-mediated endocytosis. In addition, 1-hour incubation with FITC-NP resulted in long-term and stable retention of NP in the human endothelial cells, but not in skeletal myocytes in vitro. Second, decreased exocytosis of the endothelium in the presence of ischemia might also be involved. Third, after cellular delivery of NP via endocyotosis, rapid escape of the NP from the endosomal compartment to the cytoplasmic compartment may lead to sustained intracellular drug delivery and good efficacy. The NP is likely retained in the cytoplasm where release of the encapsulated drug occurs slowly in conjunction with the hydrolysis of PLGA. 15 Overall, the nanotechnology platform for cellselective delivery to the vascular endothelium using NP may be useful as an innovative strategy for therapeutic neovascularization and other intractable diseases.
Another important feature of this study is that a single administration of statin-NP containing pitavastatin (0.4 mg/ kg) into vascular endothelial cells effectively increased therapeutic neovascularization with no serious side effect in murine model of hindlimb ischemia. Sata et al 24 reported that systemic daily administration of pitavastatin (1 mg/kg per day ϫ 49 daysϭ49 mg/kg) has significant therapeutic effects in mice with hindlimb ischemia. In the present study, we confirmed the study of Sata et al 24 by showing that oral daily administration of pitavastatin for 14 days (1 and 10 mg/kg per day ϫ 14ϭ14 and 140 mg/kg, respectively) had significant therapeutic effects, as did statin-NP (0.4 mg/kg). Therefore, our NP-mediated delivery system seems to be as effective at an approximately 100-times lower dose than the cumulative systemic dose. Furthermore, measurement of the tissue and serum concentrations of pitavastatin confirmed the effective local retention of statin-NPs in ischemic skeletal muscles in vivo. NP-mediated delivery of pitavastatin accelerated angiogenic activity of human endothelial cells in vitro. Therefore, it is possible that after NP-mediated endothelial delivery, pitavastatin was slowly released from the NPs into the cytoplasm along with PLGA hydrolysis, resulting in significant therapeutic effects.
Clearly, the therapeutic neovascularization induced by statin-NPs resulted from the pleiotropic effects, because pitavastatin-NPs had no effect on serum lipid levels. Our experiments with mice treated with a NOS inhibitor and eNOS Ϫ/Ϫ mice support the essential role of the eNOS pathway in the mechanism underlying the therapeutic effects of NP-mediated cell-selective delivery of statin. Consistent with the results of other investigators, 18, 20, 21, 26 we demonstrated that pitavastatin-NP increased the activity of vascular eNOS and PI3K/Akt (as shown in supplemental Figure V) in association with an increased expression of endogenous multiple angiogenic growth factors that are involved in angiogenesis (VEGF) and arteriogenesis (FGF-2, MCP-1). 27 These therapeutic effects afforded by the NP-mediated cellselective delivery of statin were not associated with a further increase in circulating EPC. Intramuscular injection of soluble pitavastatin alone at high doses (4 and 20 mg/kg) has no therapeutic effect, suggesting a specific advantage of endothelial cell selective delivery of pitavastatin by the PLGA NP formulation. These findings suggest that pitavastatin-NP acted locally on ischemic vascular endothelium to induce therapeutic neovascularization and are consistent with the notion that NP-mediated endothelial cell-selective delivery of statin produces a well-harmonized integrative system to form functionally mature collaterals via controlled expression of endogenous multiple angiogenic growth factors and signals, allowing for a more effective model for an integrative approach to therapeutic neovascularization.
There is a major limitation to the present study. First, we examined only a single dose of statin-NPs. It is difficult to obtain a dose-response relationship of this NP system in small animals. For translation of our present findings into clinical medicine, further studies are needed to define the doseresponse relation in large animal models. This point is important because statins are reported to exert a double-edged role in angiogenesis signaling. 28 Although such antiangiogenic effects of statins at high dose did not occur in a murine model, 24 this must be examined in large animal models. Second, we only examined the therapeutic effects of a single intramuscular injection of statin-NP. Whether repetitive delivery of statin-NP at an optimal dose over time produces greater therapeutic effects remains to be investigated.
In conclusion, this platform nanotechnology of vascular endothelial cell-selective delivery of statin is a promising strategy toward more effective and integrative nanomedicine in patients with severe organ ischemia, and represents a significant advance in therapeutic neovascularization over current approaches. The nanotechnology platform may be developed further as an "integrative" approach for therapeutic neovascularization, and extended to target other molecular signals specific to vascular endothelial cells.
